Traditionally, plant-pollinator interactions have been interpreted as pollination syndrome. However, the validity of pollination syndrome has been widely doubted in modern studies of pollination ecology. The pollination ecology of five Asian Buddleja species, B. asiatica, B. crispa, B. forrestii, B. macrostachya and B. myriantha, in the Sino-Himalayan region in Asia, flowering in different local seasons, with scented inflorescences were investigated during 2011 and 2012. These five species exhibited diverse floral traits, with narrow and long corolla tubes and concealed nectar. According to their floral morphology, larger bees and Lepidoptera were expected to be the major pollinators. However, field observations showed that only larger bees (honeybee/bumblebee) were the primary pollinators, ranging from 77.95% to 97.90% of total visits. In this study, floral scents of each species were also analysed using coupled gas chromatography and mass spectrometry (GC-MS). Although the five Buddleja species emitted differentiated floral scent compositions, our results showed that floral scents of the five species are dominated by substances that can serve as attractive signals to bees, including species-specific scent compounds and principal compounds with larger relative amounts. This suggests that floral scent compositions are closely associated with the principal pollinator assemblages in these five species. Therefore, we conclude that floral scent compositions rather than floral morphology traits should be used to interpret plant-pollinator interactions in these Asian Buddleja species.
INTRODUCTION
Plant-pollinator interactions have been a central topic for evolutionary biologists since the time of Darwin, as a model system for the study of adaptation and evolution. Traditionally, plant-pollinator interactions are usually interpreted using the concept of the pollination syndrome, since Fredrico Delpino first put forward this concept (Delpino 1873 (Delpino -1874 Faegri & Van der Pijl 1979; Fenster et al. 2004) . Pollination syndromes are suites of floral traits, such as shape, colour and odour that were hypothesised to reflect convergent adaptations of flowers for pollination by specific types of animal (Van der Pijl 1961; Faegri & Van der Pijl 1979; Fenster et al. 2004) . The predictive power of the pollination syndrome has been widely accepted in describing specialised plant-pollinator relationships (Darwin 1862; Vogel 1954; Faegri & Van der Pijl 1979; Fenster et al. 2004) . However, modern studies of pollination ecology have emphasised the tendency for ecological generalisation in pollination system or diverse animal visitors of plant taxa (Waser et al. 1996; Ollerton et al. 2006 Ollerton et al. , 2009 . Furthermore, there is not always a clear boundary between different pollination syndromes (Ollerton & Watts 2000) , so it might be difficult to attribute a flower to a specific pollination syndrome. Thus, the validity of pollination syndromes in modern pollination ecology does not always apply.
There are alternative approaches to interpret plant-pollinator interactions, with emphasis on different underlying factors. For example, Ellis & Ellis-Adam (1993) provided a typology, which is based on M€ uller's (1881) functional classification of flower types, interpreting modern plant-pollinator relationships. In this typology, the correlations between floral morphology traits and insects, especially relative length of the corolla tube and tongue of the insect pollinator, nectar volume per flower and diet of insects were considered significant (Ellis & Ellis-Adam 1993; Waser & Ollerton 2006) . Generally, pollinators not only respond to visual cues of plant species (Galen 1989; Fenster et al. 2004; Pauw 2006; Parachnowitsch & Kessler 2010; Kulbaba & Worle 2012) , but also to olfactory cues, such as odour (Raguso 2001 (Raguso , 2008 Schiestl 2010) . Although odour features (e.g., presence versus absence, and how flowers smell) were considered an important component of traditional the pollination syndrome, the roles of floral scent compositions in chemical communications with pollinators have been highlighted in modern pollination ecology (Raguso 2008; Shuttleworth & Johnson 2009; Schiestl 2010; Schiestl & D€ otterl 2012) . Furthermore, floral scent compositions could potentially mediate plant-pollinator interactions, and promote specialisation in pollination systems, notably through specific floral scent compounds in scented flowers (Raguso 2008; Shuttleworth & Johnson 2009; Soler et al. 2010) .
Traditionally, Buddleja L. (Scrophulariaceae) species are inferred as pollinated by butterflies, and therefore commonly known as a 'Butterfly Bush' (Faegri & Van der Pijl 1979; Proctor et al. 1996; Norman 2000) . The common name, 'Butterfly Bush', arose soon after the cultivation of B. davidii, which does attract butterflies (Faegri & Van der Pijl 1979; Andersson et al. 2002; Chen et al. 2011) . Sweet scent, massed flowers (presumably as a platform) and slender corolla tube with reverse herkogamy are all considered to be associated with butterfly pollination (Webb & Lloyd 1986; Andersson & Dobson 2003; Willmer 2011 ). Here, we described plant-pollinator interactions of five Asian Buddleja species (Buddleja asiatica Lour., B. crispa Benth., B. forrestii Diels, B. macrostachya Benth., B. myriantha Diels), whose relationships between plants and pollinators have never been explored. Plant-pollinator interactions in these Buddleja species cannot be interpreted through a pollination syndrome. According to the typology of Ellis & Ellis-Adam (1993) , these five Buddleja species should mainly be pollinated by larger bees (including Apidae) and Lepidoptera because of their long floral tubes (Waser 2006) . Buddleja davidii Franch. is a popular butterfly bush, not only because of the attraction to butterflies, but also the abundant emission of 4-oxoisophorone (Andersson & Dobson 2003; Gu edot et al. 2008) . Studies on floral scent-pollinator relationships of B. davidii showed that floral scent composition is an important attractant for the major pollinators (Andersson et al. 2002; Andersson & Dobson 2003; Gu edot et al. 2008) . Such studies further evoke our interest in exploring the interactions between floral scent composition and principal pollinators in Buddleja species.
In this study, our objectives were (i) to interpret plant-pollinator interactions in these five Buddleja species according to the topology of Ellis & Ellis-Adam; (ii) to record the primary pollinator assemblage of the five Buddleja species; and (iii) to explain the inconsistency between expected pollinator assemblages and field observations through floral scent composition, and explore plant-pollinator interactions among these five species. Floral scent is a complex phenotypic trait, with diverse chemical compositions and relative amounts, and each factor may affect the relationships between floral scent and pollinator. Combined with the chemical ecology functions of floral scents in other angiosperms, plant-pollinator interactions in the five Buddleja species are further interpreted.
MATERIAL AND METHODS

Study species and sites
The study was carried out from January to August in 2011 and 2012, in the Sino-Himalayan region of Sichuan and Yunnan Provinces, China. This area is part of a global biodiversity hotspot, and the secondary centre of origin for Asian Buddleja species that originate from South Africa, with over 90% of the Asian Buddleja species being distributed there (Moore 1947; Li & Leeuwenberg 1996; Nie et al. 2005; Chen et al. 2007) . Five hermaphroditic and perennial shrubs, B. asiatica, B. crispa, B. forrestii, B. macrostachya and B. myriantha, were studied from the region (Fig. 1) . Buddleja asiatica is widely distributed in Asia, while the other four species are mainly distributed in the Sino-Himalayan region. The five species mainly grow in disturbed areas along roadsides, and flower in different local seasons, with scented inflorescences. All studies described herein were performed in natural populations. Detailed information is listed in Table S1 . Vouchers specimens of each species were deposited at the Herbarium of the Kunming Institute of Botany (KUN), the Chinese Academy of Sciences.
Observation of visitor assemblages
Inflorescence visitor observations were conducted at peak flowering times during 2011 and 2012. Initially, we patrolled each selected population and gathered information of all possible visitors from 08:30 to 22:00 h for 1 day following the methods of Huang & Fenster (2007) . Subsequently, diurnal visitors were recorded at 08:30-09:00, 10: 00-10:30, 12:00-12:30, 14:00-14:30, 16:00-16:30 and 18:00-18:30 h. Floral visitors of B. asiatica were recorded on sunny and warm days (12 days) between 19 February-9 March 2011, 25-28 February 2012; B. crispa was observed between 23-25 March 2011, 23-27 February 2011 (7 days); B. myriantha was observed between 7 June-11 July 2011 (6 days); B. forrestii was observed between 19-24 June 2011 (3 days); B. macrostachya was observed between 5-9 August 2011, 14-19 August 2012 (6 days). In addition, nocturnal visitors (between 20:00-22:00 h) of each plant species were also observed after daytime observations. It should be noted that when it was raining, field observation were stopped. The studied populations of each species are listed in Table S1 .
In each study population, three to five individual plants (at least 5 m apart) with similar inflorescence sizes and numbers were randomly selected to record the behaviours and residence time of visitors. A flower visit was defined as the period between first landing on the inflorescence and final departure. All types of insect visitors were caught and immediately inspected for pollen presence (indicating potential role as pollinator) using LED Illumination (Meilun, Shenzhen, China; LED lamps, 40 of 25 mm) on separate days after visitor observations to avoid disturbance to visitor activity. Three to 10 insects per species were collected for further species identification and voucher specimens. Floral visitors were recorded by human observers and photographed with a digital camera (Fuji, Tokyo, Japan; Fujifilm FinePix HS22EXR) to allow classification into different functional groups (honeybee, bumblebee, butterfly, hawkmoth, hoverfly, fly and sunbird). Functional groups were retained instead of taxonomic species as classification units, because the same functional group of pollinators was predicted to exert similar selection on the flowers (Fenster et al. 2004; Gong & Huang 2011) .
Natural populations of Buddleja were mainly in disturbed habitats adjacent to roads, and so easily destroyed. All populations were disturbed and available in only one of the two study years for visitor observations, although a total of 11 populations were studied.
Visitation frequency and pollinator diversity
Visitation frequency (per inflorescence per hour) of each functional group was calculated for each plant species. However, it is difficult to quantify pollen deposition during a single visit from the pollinator, but the specific floral design of Buddleja, e.g., narrow corolla tube with thick trichomes inside, and reverse herkogamy (stigma below the anthers, with inserted anthers) ensured effective pollen deposition and transfer for each visit (W.-C. Gong, personal observation). Pollinator generalisation (PG) level (Gong & Huang 2009 ) was calculated as the pollinator diversity for each plant species, using Simpson's diversity index ( 1 D ) (Sahli & Conner 2006) :
where p i is the proportion of visits made by pollinator functional group i and S is the total number of functional groups visiting the species. A value of one indicates absolute specialisation on one functional group. Floral visitor evenness (E1 D ) of each species was calculated by dividing Simpson's diversity index by the number of functional groups of floral visitors (S) (Sahli & Conner 2006) :
Measurement of floral morphology and reward
Floral traits of the five study Buddleja species with respect to pollinator attraction, reward and pollen transfer were measured. For at least two flowers per plant, ten different plants in each population were randomly selected. Inflorescence dimensions (length and width), floral length (height) and width of the corolla tube were measured. Floral display (number of fully opened flowers per inflorescence at peak flowering time) and floral longevity (in days) of single flowers were also recorded, and the degree of reverse herkogamy (in mm) was measured. This last parameter refers to the position of the stigma below the level of the anthers, a trait causing pollinators to first contact the anthers before the stigma. For this reason, reverse herkogamy is expected to facilitate higher pollen export and is typically associated with pollination by Lepidopteron species (Endress 1996) . The number of pollen grains and ovules of each flower was counted, as in Wyatt et al. (2000) . The stigma receptivity and pollen viability of pre-flowering and florescence stages were tested following Mao & Huang (2009) . We also estimated nectar production for each Buddleja species. The fully developed inflorescences were individually bagged with nylon netting to exclude floral visitors before nectar measurement. Buddleja forrestii and B. macrostachya produced a larger volume of nectar, so nectar was directly absorbed using 20-ll calibrated pipettes (Drummond Scientific Co., Broomall, PA, USA), and at least 20 single flowers were sampled, with two flowers per plant. B. asiatica, B. crispa and B. myriantha produced less nectar volume, so nectar was collected from 20 individual flowers of each species per time and centrifuged at 3000 rpm for 10 s, with three replicates. Sugar concentration of all nectar collected was also measured using a handheld refractometer (Bellingham & Stanley, Kent, UK; Eclipse 45-81: 0-50% sucrose, w/w).
Volatile collection and analysis of floral scents
Floral scents emitted from the five Buddleja species were collected in the field using dynamic headspace adsorption techniques during peak flowering times from January to August in 2011 and 2012. Intact inflorescences were carefully enclosed in a modified vacuum dryer, and each sample contained around eight inflorescences from the same plant, with one to five replicates per each population. The inflorescence peduncles were covered with absorbent cotton soaked in a 10% sucrose solution. The scent-containing air was sucked through glass cartridges containing adsorbent Porapak Q (150 mg, mesh 60/80; Waters Associates, Milford, MA, USA) for 3-5 h (depending on relative strength of the scent to the human nose) during daytime using a pump with an outlet flow rate of 350 mlÁmin À1 . The ambient air pumped into the vacuum dryer was purified with activated carbon. To identify background contamination, ambient air (purified air) was collected as control.
Cartridges were conditioned before sampling by washing with 400 ml dichloromethane, n-hexane and acetone for 4 h. The adsorbed scent components were eluted with ca. 0.8 ml dichloromethane and collected in a 1.5 ml Agilent vial. In each sampling, 1440-72,000 ng n-nonane were added as internal standard (IS) for quantification. The vials were kept in a freezer (À20°C) until analysis. After odour collection, the total numbers of open flowers in each sample was counted.
The extracts were analysed using coupled gas chromatography and mass spectrometry (GC-MS). Samples were analysed using an Agilent HP 6890 gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) equipped with a HP-5MS column (30 m 9 0.25 mm, 0.25 lm film thickness), linked to a HP5973 mass spectrometer. Helium (He) was used as carrier gas at a flow of 1 mlÁmin À1 , and the injector temperature was set to 250°C. The column temperature was first set at 40°C and then programmed to 250°C at a rate of 3°CÁmin À1 . Compounds were identified by comparing their retention times (RT) and mass spectra with those of authentic compounds, or by comparison with MS spectra from the Wiley 7 n.1 mass spectral library and the associated retention indices reported both in the NIST Chemistry Web Book (http://webbook.nist. gov) and in the RI database (Adams 2001) .
Kovats retention indices were calculated using the formula:
where I X is the retention index of the compound of interest, t x is the retention time of the compound of interest, t n and t n+1 are the retention times of the n-alkanes (Sigma-Aldrich Co., St. Louis, MI, USA) eluted immediately before and after the compound of interest, and n is the number of carbon atoms in the n-alkane eluted immediately before the compound of interest (Van den Dool & Dec Kratz 1963; Chen et al. 2012; Da Cunha et al. 2013) . Proportional abundance of compounds (relative amounts with respect to aggregate peak areas, excluding contaminants) of the floral scents was calculated based on the absolute amounts of compounds.
Floral morphology and reward statistical analysis
To perform multivariate analyses of floral traits (excluding floral scents), number of dimensions for a principal components analysis (PCA) by cross-validation with the MISSMDA package (version 1.7; Husson & Josse 2013) in R (R Development Core Team 2013) was first estimated. This prerequisite allowed a PCA on the full matrix (898 rows and 11 floral traits measured) with the VEGAN package (version 2.0-5; Oksanen et al. 2012) and the FACTOMINER package (version 1.24; in R to be performed.
Floral scent statistical analysis
Because our 'individuals 9 compounds' matrix of floral scents did not meet the assumptions of multivariate normality of variances (Shapiro-Wilk normality test, W = 0.0908, P < 2.2e-16, test performed with the MVNORMTEST package (Jarek 2012) in R), and of multivariate homogeneity of group dispersions (variances, ANOVA F 4,47 = 19.494, P = 1.636e-09, test performed with the VEGAN package (version 2.0-5; Oksanen et al. 2012) in R), a non-parametric tests to characterise the floral scent differences among samples and Buddleja species was used.
Hellinger transformation, a relativisation by row (sample unit) totals followed by taking the square root of each element in the matrix, to make the floral scent data containing many zeros (e.g., compounds completely absent in certain species, but present in others) suitable for multivariate analysis (Legendre & Legendre 1998; Legendre & Gallagher 2001) . A non-parametric multiple response permutation procedure (MRPP) with the average Bray-Curtis distances among samples weighted to group size and 999 random permutations (Mielke & Berry 2001; was first conducted to test the null hypothesis of no difference in floral scent (relative amounts, in %) among species. The MRPP test was performed with the VEGAN package (version 2.0-5; Oksanen et al. 2012) in R. An analysis of similarities (ANOSIM) using the average Bray-Curtis distances among samples and 1000 permutations with the VEGAN package (version 2.0-5; Oksanen et al. 2012) in R was also conducted as an alternative way to statistically test whether there is a significant difference in floral scent composition among Buddleja species.
To detect floral scent compounds whose presence is statistically associated with certain species, an indicator compound analysis (ICA) with 999 random permutations was performed. The computed indicator value of each compound reflects both its relative abundance (specificity -'A', the probability that the odour compound belongs to the target species) and its relative frequency (fidelity -'B', the probability of finding the odour compound in other species). The associated P-values determine whether specific compounds are significant indicators of certain species (Dufrêne & Legendre 1997 To characterise the floral scent dissimilarities among samples associated with different groups (e.g., species), a non-metric multi-dimensional scaling (nMDS) ordination based on a matrix of Bray-Curtis dissimilarities, calculated on the relative proportions of odour compounds (in% of the total blend) was performed. The appropriateness of the nMDS results was determined by comparing, in a Shepard diagram, the distances among samples in the ordination plot with the original distances, and the stress value generated with the nMDS analysis reflects how well the ordination summarises the observed distances among the samples. The nMDS analysis was performed with the VEGAN package (version 2.0-5; Oksanen et al.
2012) in R.
Finally, the contribution of primary scent compounds within species was investigated using PCA in PAST (version 2.08; Hammer et al. 2001) . A variance-covariance matrix of the floral scents (relative amount) was used, and the Jolliffe cut-off value obtained provided an informal indication of how many principal components should be considered significant (Jolliffe 1986) . Components with eigenvalues smaller than the Jolliffe cut-off can be considered insignificant. The coefficient of each principal component implies the contributions of each compound among populations within a species, and the positive value and negative value of coefficients suggest that they contributed to different populations. The absolute values of coefficients show their contributions.
Breeding systems
To evaluate the breeding system of the five Buddleja species, inflorescences with floral buds were marked randomly and isolated in parchment paper (30 9 25 cm). Five pollination treatments were assigned at peak flowering time: (i) open pollination: inflorescences with floral buds were marked at random and maintained under natural conditions; (ii) geitonogamy: pollen from the same plant individuals was transferred to the stigma of emasculated flowers, and the inflorescences were bagged; (iii) xenogamy: pollen from different individuals (10 m apart) was transferred to the stigma of emasculated flowers, and the inflorescences were bagged; (iv) apomixis: unopened flowers were emasculated and bagged; and (v) pollinator exclusion: the inflorescences were bagged without any manipulations.
Each treatment was conducted on 14 inflorescences from seven plants, and three to five flowers were randomly chosen per inflorescence while other flowers were removed. One population was used to test the breeding system for each species. The marked infructescences of each Buddleja species were harvested and collected around 3 months after the inflorescences were treated. Seed set was calculated as the ratio of expanded seeds to ovules per flower.
RESULTS
Pollination systems
Over the duration of the flowering season, a wide spectrum of pollinators was observed foraging on the five Buddleja species throughout the day. Overall, seven different functional groups of pollinator were recorded among these five species: honeybee, bumblebee, butterfly, hawkmoth, hoverfly, fly and sunbird (Fig. 2) . No floral visitors were recorded during the nocturnal observation periods.
All five Buddleja species attracted abundant pollinator visits. The evaluation of plant pollination system based on their relative proportions suggested that honeybees and/or bumblebees were the major pollinator assemblages. Honeybees were the exclusive pollinator of Buddleja asiatica, constituting 97.38 AE 0.81% of the total visits, and other pollinator groups rarely pollinated this species (Fig. 2A) (Fig. 2A) . Overall, bees (Apis cerana and bumblebee) were the principal insect pollinators for these five Buddleja species, and the total visitation frequency ranged from 77.95% to 97.9% ( Fig. 2A) . Although Buddleja species are commonly known as 'butterfly bush', in these five species, only B. crispa attracted relatively abundant butterflies, accounting for 19.50 AE 2.25% of the total visits (Fig. 2A) ; Papilio xuthus and Pieris rapae were the primary butterfly species. In addition to insect pollinators, a sunbird (Aethopyga nipalensis) was a pollinator of B. macrostachya, accounting for 14.23 AE 14.23% of total visits.
With regard to the ecological generalisation levels of these five species, our results showed that pollinator diversity or pollinator generalisation level (PG) was low, ranging from 1.06 to 1.85, based on pollinator functional groups (Fig. 2B) . Although a relatively high PG in B. forrestii (1.82 AE 0.08) and B. macrostachya (1.85 AE 0.24), both Apis cerana and bumblebees were their major pollinator functional groups, suggesting that bees were the principal pollinator type for the five Buddleja species. The pollinator evenness of these plant species was near 0.5 (Fig. 2B) . The reduced evenness of functional pollinator groups in each species suggests changes in the intensity of use for a subset of pre-existing pollinators (Fenster et al. 2004) .
A beetle (Antherophagus ochraceus) was found in some inflorescences of B. forrestii and B. macrostachya, but was not seen to move between flowers during the observation periods, so the hypothesis of beetle pollination in our studied species was rejected. Table 1 contains the floral trait data pertaining to attraction, reward and pollen transfer for the five Buddleja species. All Buddleja species investigated here were also characterised by reverse herkogamy (stigma located below the anthers). The anthers of B. asiatica and B. crispa were in the middle of the corolla tube, while others were at the mouth of the corolla. Most floral traits measured varied, except for the corolla tube width and corolla length, which exhibited lower coefficients of variance (between 0.24-6.67% and 2.05-17.03%, respectively). The flowers of B. asiatica and B. myriantha were smaller than those of B. crispa, B. forrestii and B. macrostachya. All five species had narrow and long corolla tubes, ranging between 1.30-3.40-mm wide and 5.09-10.59-mm long, respectively (Table 1 ). All five species produced nectar, which accumulated at the base of the corolla tube, with distinct volumes and concentrations (Table 1) .
Floral morphology and floral reward
Our analysis, based on 11 floral morphology and nectar characteristics, showed that a species like B. asiatica was more (Fig. S1B) , since it was characterised by significantly longer floral longevity and a significantly higher number of ovules compared to the other Buddleja species studied (Table 1) . However, floral traits did not exhibit a high degree of clustering according to the Buddleja species investigated (Fig. S1A) , suggesting that the floral traits measured cannot reliably be used as diagnostic characters to distinguish each species.
Floral scents
We identified 78 volatile compounds from the odour samples of the five Buddleja species: fatty acid derivatives (22), benzenoids (8), monoterpenoids (33) and sequiterpenoids (15) ( Table S2 ). Each species emitted distinct volatile compounds, and multiple response permutation procedure (MRPP) analysis indicated that floral scents (relative amounts, in%) were significantly differentiated among species (MRPP, A = 0.4611, d obs = 0.3767, d exp = 0.699, P < 0.01). The ANOSIM analysis was in accordance with results of the MRPP analysis, which showed a significant difference among Buddleja species (ANO-SIM, R = 0.8616, P < 0.01).
The non-metric multidimensional scaling (nMDS) ordination produced high linear and non-metric fits (R 2 = 0.895 and 0.978, respectively) and a low stress values (0.149; Fig. 3A) , illustrating interspecific differentiation in floral scent among species. The nMDS biplot indicated that the Buddleja species form discrete clusters (Fig. 3A) , except for clusters between B. crispa, B. macrostachya and B. myriantha, which showed a partial overlap. The overlap suggested that B. macrostachya has relative higher composition similarity with B. crispa and B. myriantha. The analysis of intraspecific levels of variance dispersion with Bray-Curtis distances among floral scent samples showed that there were significant differences within species (ANOVA F 4,47 = 28.994, P = 3.615e-12). This indicated that B. crispa and B. macrostachya have the highest intraspecific dissimilarity, B. myriantha was secondary, but B. asiatica and B. forrestii have the lowest intraspecific dissimilarity (Fig. 3B) . Moreover, significant interspecific differences in the variance dispersion of floral scents are shown in Fig. 3B .
Indicator compound analysis (ICA) detected a significant association between 38 odour compounds within the blends of floral scents and the study species. The results compiled in Table S3 show that, within this group of 38 diagnostic compounds, some are strongly and significantly associated with certain species and can therefore be considered as good 'indicator' or 'predictor' compounds. For example, cis-linalool oxide is a dominant and good 'indicator' volatile compound in the floral scent of B. asiatica; the same applies to cis-b-ocimene for B. myriantha, c-terpinene for B. forrestii, b-cyclocitral for B. macrostachya, and 3-methyl-1-butanol for B. crispa (Table S3) . Additionally, strong specificity in floral scent was found in B. forrestii (13/26) and B. myriantha (13/29), while more shared volatile compounds were detected in B. asiatica (35/37), B. crispa (29/33) and B. macrostachya (35/41) (Table  S3) .
Finally, the intraspecific contribution of each floral scent compound based on relative amount was evaluated through PCA. PCA1 explained most of the total variance, ranging from 62.35% to 88.40% (Fig. S2) . Therein, linalool exclusively contributed highly to B. asiatica, and the absolute loading accounted for 0.90, while most of the floral scent compounds within B. asiatica had small contributions, with low relative amounts; cis-b-ocimene exclusively contributed most to B. myriantha (À0.91). Limonene (À0.86) and eucalyptol (0.45) had the highest loading for B. forrestii; benzaldehyde (0.75) and lilac aldehyde (À0.57) on B. crispa; and benzaldehyde (0.43), lilac aldehyde (0.42) and limonene (À0.63) on B. macrostachya (Fig. S2) .
Breeding system
The mean percentage seed set in control treatments was 68.92 AE 2.34% for B. asiatica, 58.53 AE 2.1% for B. crispa, 77.60 AE 2.02% for B. forrestii, 69.85 AE 3.05% for B. macrostachya and 86.63 AE 2.21% for B. myriantha (Fig. 4) . There was no seed production after geitonogamy treatments in B. asiatica and B. forrestii. Seed set in pollinator exclusion treatments was significantly disparate among the five species, only B. crispa and B. macrostachya formed seeds, indicating the occurrence of autogamy. Furthermore, the seed set in these two species was significantly lower than in any other treatments. Thus, all five species require pollinators for increased seed production. In addition, the pollen-ovule (P/O) ratios in the five Buddleja species ranged from 564 AE 26.05 to 1171 AE 37.23, and were significantly lower in B. asiatica and B. forrestii than in the other three species (Table 1) . Fig. 3 . Floral scent differentiation among the five Buddleja species investigated in the Sino-Himalayan region. A: nMDS biplot of floral scent differentiation based on a matrix of Bray-Curtis dissimilarities calculated on the relative proportions of odour compounds (in% of total blend). B: Boxplot of intraspecific levels of floral scent dispersion using Bray-Curtis distances among samples (different letters on top of boxplots indicate significant differences with a = 0.05, tested with Tukey HSD).
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DISCUSSION
Although hand-pollination showed that B. crispa, B. macrostachya and B. myriantha are self-compatible, and B. asiatica and B. forrestii are self-incompatible, pollinators contributed greatly to their reproduction, as significant differences in seed set were observed between pollinator exclusion and control treatments (Fig. 4) . This suggested that all five Buddleja species are actually pollinator-dependent. Bees are the principal pollinators (Fig. 2) , and all five species are specialised for bee pollination (i.e., at least 75% of the time by a single functional group; PG value near 1), based on the evaluated specialisation in plant pollination system (Fenster et al. 2004; Sahli & Conner 2006) . Honeybees (Apis cerana) and/or bumblebees were the major bee pollinators (Fig. 2) . Buddleja asiatica and B. crispa were nearly exclusively pollinated by Apis cerana, while the high-altitude species, B. forrestii, B. macrostachya and B. myriantha, were also pollinated by bumblebees (Fig. 2) .
All five Buddleja species had narrow and long corolla tubes, with concealed nectar (Table 1) . According to the typology of (Ellis & Ellis-Adam 1993; Waser 2006) , larger bees and Lepidoptera should be major insect pollinators for the five Buddleja species, despite Buddleja being known as attractive to butterflies (Faegri & Van der Pijl 1979; Proctor et al. 1996; Norman 2000) . Field observations indicated that bees were the primary pollinators of all five Asian Buddleja species studied, rather than butterflies. Only B. crispa attracted abundant butterflies (19.50 AE 2.25%). In contrast, B. davidii shares similar morphological traits with the five studied Buddleja species, yet is mainly butterfly-and moth-pollinated (Anderson 2003; Gu edot et al. 2008; Chen et al. 2011 ), but not bee-pollinated. Therefore, the interspecific differences in primary pollination systems in Buddleja cannot be interpreted with the Ellis & Ellis-Adam typology alone. Actually, bee and butterfly pollination syndromes show much overlap, and are difficult to distinguish unless they are effectively diagnostic syndromes (Ollerton & Watts 2000) . In this study, we analysed 11 different morphology and nectar characteristics, and found that none of them served as diagnostic characteristics to further distinguish between bee and butterfly pollination syndromes among the five studied species (Fig. S1) .
Floral scent constitutes an ancient and important channel of communication between flowering plants and their pollinators (Pellmyr & Thien 1986; Raguso 2008; Schiestl & D€ otterl 2012) , and plays important roles in plant-pollinator interactions in angiosperms (Pellmyr & Thien 1986; Svensson et al. 2005; Smith 2010 ). In scented flowers, floral scent composition is closely associated with their dominant pollinator assemblage, and potential pollinator types can be predicted based on floral scent compounds (Schiestl et al. 2003; Brodmann et al. 2008; Shuttleworth & Johnson 2009) , including in B. davidii (Andersson et al. 2002; Andersson & Dobson 2003; Gu edot et al. 2008) . In the present study, monoterpenoids (42.66 AE 10.79%-95.59 AE 1.50%, in terms of relative amount) were the predominant floral scents in the five studied species, especially monoterpene alkenes, such as limonene, cis-b-ocimene and trans-b-ocimene (Table S2 ). This suggests that butterflies might not be their major pollinator because butterflypollinated plants do not emit large amounts of monoterpene alkenes (Andersson et al. 2002; Andersson & Dobson 2003) . B. crispa also emitted more benzenoids (45.34 AE 10.17%), which could be attractive to a variety of butterflies (Honda et al. 1998; Andersson & Dobson 2003; Gu edot et al. 2008) , as well as 42.66 AE 10.79% of monoterpenoids (Table S2) , and this species was indeed the only one that attracted a relatively large proportion of butterflies (Fig. 2) .
Floral scent is a complex phenotypic trait, with diverse chemical compositions and relative amounts of compounds, and each factor may play a role in floral scent-pollinator interactions. Therein, species-specific volatile compositions can guide food-searching insects to facilitate locating a specific rewarding species or avoid non-rewarding species (Andersson & Dobson 2003; Borg-Karlson et al. 2003; Chen et al. 2009; Schiestl & D€ otterl 2012) . Our results suggest the occurrence of species-specific floral scent compounds among the five Buddleja species, because their floral scents showed a tendency to diverge (Fig. 3) . We detected the species-specific scent compounds, or 'indicator' compounds, of each species with high intraspecific specificity and fidelity (Table S3) . Interestingly, most 'indicator' compounds detected from the Buddleja species can elicit strong responses in the antennae of bees in other angiosperms, e.g., cis-linalool oxide, 3-methyl-1-butanol, acaryophyllene, 4,8-dimethylnona-1,3,7-triene, terpinolene, bpinene, trans-b-bergamotene, tetradecane and cis-b-ocimene (Dani et al. 1998; Rose et al. 1998; Ônsoli et al. 2002; Fortunato et al. 2004; Ono 2005; Chen & Song 2008; Rohrig et al. 2008) , and hence can serve as attraction signals to bees. This suggests that bees were a potential pollinator type for the five Buddleja species. In general, for bee-pollinated flowers, a single compound of larger relative amount has been shown to have a food signalling potential as high as that of the whole scent blend (Borg-Karlson et al. 2003; Chen et al. 2009 ). However, all the detected 'indicator' compounds within the species emitted low relative quantities; only cis-b-ocimene in B. myriantha had a larger relative amount (19.72 AE 7.84%; Table S2 ).
Although the roles of floral scent compounds in chemical communication with pollinators have been reported in different flowers, the importance of relative amount of scent compounds has rarely been highlighted (J€ urgens et al. 2002; Andersson & Dobson 2003; Borg-Karlson et al. 2003; Parachnowitsch et al. 2012) . In the present study, the contribution of floral scent compounds within species was assessed based on relative amount, and six different compounds with the largest intraspecific contribution were detected from these five species: linalool, cis-b-ocimene, limonene, eucalyptol, benzaldehyde and lilac aldehyde (Fig. S2) . Associated with our field observations, we found that bee-pollinated B. asiatica, B. forrestii, B. macrostachya and B. myriantha emitted larger relative amounts of linalool, limonene and eucalyptol, limonene and cis-b-ocimene than other volatile compounds (Fig. S2) . Interestingly, all five scent compounds have been shown to stimulate foraging behaviour in bees (Dani et al. 1998; Borg-Karlson et al. 2003; Eltz et al. 2006; Rohrig et al. 2008; Jarau et al. 2012) . Among the five Buddleja species, only B. crispa emitted abundant benzaldehyde and lilac aldehyde, which can elicit strong foraging behaviour in butterflies (Honda 1980; Schulz et al. 1993; Honda et al. 1998; Anderson 2003; Andersson & Dobson 2003; D€ otterl et al. 2006; Gu edot et al. 2008) . This is consistent with our field observations that butterflies also play important roles in B. crispa pollination, but not in the other four Buddleja species (Fig. 2) . This provides strong evidence that the attraction of butterflies in B. crispa is associated with the larger emission of benzaldehyde and lilac aldehyde. In addition, butterfly-pollinated B. davidii also emits larger relative amounts of butterfly attractants, such as 4-oxoisophorone and benzaldehyde (Andersson & Dobson 2003; Gu edot et al. 2008; Chen et al. 2011) . Overall, floral scent compounds with largest relative amounts within a species were also closely associated with their primary pollinator assemblage. This supports the hypothesis of Parachnowitsch et al. (2012) , that larger emission of a specific floral scent compound in these Buddleja species could be associated with specific pollinator preferences of principal pollinators.
Generally, the typology of Ellis & Ellis-Adam can be used to interpret plant-pollinator interactions in Buddleja species. However, this approach is not effective for all Buddleja species because it cannot interpret interspecific pollinator differences. In contrast, floral scent composition, especially species-specific scent compounds and principal compounds with larger relative amounts are closely associated with their principal pollinator assemblage. Bees (honeybee/bumblebee) are the principal pollinators; therefore, we conclude that it is floral scent composition rather than morphology traits that should be used to interpret plant-pollinator interactions among the five studied Buddleja species. 30970192 to W.-B. Sun; 31100177 to G. Chen). N. J. Vereecken was financially supported by the Belgian FRS-FNRS through a post-doctoral grant (Charg e de Recherches, 2008 Recherches, -2012 .
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article: Figure S1 . Principal components analysis (PCA) using floral morphology data from five Buddleja species investigated in the Sino-Himalayan region. Figure S2 . Principal components analysis (PCA) 1 loadings of floral scents contribution among individuals within a species are displayed. PCA1 explained variance is listed in parentheses. The loading coefficients are based on var-covar matrix of relative amounts of floral scent composition. Table S1 . GPS coordinates and sample sizes (number of plants) of five Buddleja species used in this study. The abbreviations of populations for pollination observation are in bold. Table S2 . Floral scent compounds of five Buddleja species investigated. Mean AE SE, relative amounts (in%) of odour compounds in headspace fractions of B. asiatica, B. myriantha, B. forrestii, B. macrostachya and B. crispa (tr indicates trace amounts, i.e., compounds with concentration <0.1%). The compounds are ordered in classes, and listed according to relative retention time (KRI) within each class. Chemical Abstracts Service (CAS) registry numbers and literature relative retention time (KRI) are also provided. Different letters indicate significant differences (Mann-Whitney U-test; P (0.05). Table S3 . Indicator compound analysis (ICA) performed on Buddleja floral scents to identify individual compounds significantly associated with a single Buddleja species. The statistics are provided along with associated P, A (specificity) and B (fidelity) values in parentheses (see Methods for details).
